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• Heart failure and shock commonly accompany acute myocardial infarction but hemodynamic measurements have failed to show a consistent pattern (1, 2) . Furthermore, in both man and in animals, the degree of circulatory impairment does not appear to correlate well with the extent of myocardial infarction.
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Accepted for publication June 19, 1967. probably stems from variations in function of the remaining viable myocardium, from arrhythmias, from reflex changes in the myocardium and in resistance and capacitance vessels, and from secondary factors such as hypoxia and electrolyte derangement due to prolonged circulatory insufficiency. Acute experiments in animals present the same limitations, and in addition are often carried out in open-chest animals following protracted anesthesia and extensive instrumentation. The present study was designed to explore the relationship between the extent of myocardial injury following coronary ligation and the degree of hemodynamic changes, while attempting to minimize the influence of other variables. This was accomplished by studying the close-chest animal several days after ligation at a time when arrhythmia and shock were absent. In addition, isoproterenol and acetylstrophanthidin were administered in an attempt to demonstrate defects in the responsiveness of the infarcted ventricle, and to determine potential usefulness in therapy.
Methods
Twenty-eight mongrel dogs of both sexes were anesthetized with pentobarbital 30 mg/kg iv and subjected to thoracotomy and ligation of the left anterior descending coronary artery. The two-stage method devised by Harris was employed (3). Ligation was carried out at or just below the tip of the left atrial appendage, at a distance that averaged 2.2 cm (range, 1.8 to 3.2 cm) from the mouth of the left main coronary artery, as was measured post-mortem. Six animals died of ventricular fibrillation during the procedure, and an additional 10 animals died during the period of sustained ventricular tachycardia which usually begins several hours after ligation and lasts through the second postoperative day. The 12 surviving animals were studied on the third or fourth day after ligation as will be described. All had normal sinus rhythm at the time of study. In 7 additional animals, the thorax and pericardium were opened, but the coronary vessels were not dissected or ligated; these animals comprise the control group referred to hereafter as "sham-operated" animals.
On the third or fourth day following operation, animals were given 1.5 mg/kg of morphine sulfate intramuscularly, then anesthetized with 0.3 ml/kg of a mixture containing 200 mg urethane, 50 mg allobarbital, and 30 mg pentobarbital/ml iv. Heparin (50 mg) was administered intravenously. Intravascular pressures were recorded using Sanborn model 267BC pressure transducers from catheters placed in the arch of the aorta and right atrium, and from a 0.84-mm bore stainless steel tube 44 cm long inserted through the right carotid artery into the left ventricle. This system responded adequately to frequencies of 25 cycle/sec, as determined by application of a square wave of 150 mm Hg pressure (bursting a balloon affixed to tip of tubing). In 2 other dogs, contrast material was injected into the aortic root with the tube in place in the left ventricle; aortic regurgitation was absent. The first derivative of left ventricular pressure (dP/dt) was obtained by electronic differentiation. Left ventricular end-diastolic pressure was taken as the mean of the values obtained during one or more complete respiratory cycles. Indicator dilution cardiac output curves were inscribed by injecting indocyanine green dye into the right atrium and recording from a fiberoptic catheter situated in the ascending aorta, using methods previously described (4) . Dye injections were always made at end-expiration. All tracings were recorded on an Electronics for Medicine Model DR-8 recorder. Ventilation was maintained through a cuffed endotracheal tube using a Harvard respiratory pump. Arterial oxygen saturation was greater than 90% in all animals. In 2 of the animals with infarcts this required the administration of 100% oxygen. The remaining animals were ventilated with room air. Rectal temperature was monitored and kept within 1°C of the baseline value by using a heating pad. The animals lay on their left sides throughout the procedure, and the zero level for pressure measurements was set at the mid-chest position as determined by careful measurement. Following baseline control measurement of pressures and cardiac output, isoproterenol was infused intravenously at a rate of 5 fig/min. At the third minute of isoproterenol infusion, measurements were repeated. A steady state was achieved at the time of this measurement, as indicated by a stable heart rate and mean arterial pressure. Following a 15-min recovery period another set of baseline measurements was obtained, then acetylstrophanthidin was infused at a rate of 100 /xg/min until ventricular tachycardia (defined as 4 successive beats of ventricular origin) ensued. This is referred to hereafter as the "toxic dose." During the infusion, pressures and cardiac output were measured at 1, 3, and 5 min, and every 3 min thereafter during which normal sinus rhythm persisted. The data in Table 3 Calculations of stroke index and peripheral vascular resistance were made as previously described (5). The time integral of pressure during systole (pressure-time per beat) was calculated as the product of systolic mean pressure and the systolic ejection period, both measured from the aortic root pressure tracing. Statistical evaluation was carried out using Student's t-test (6) .
Following the procedure, animals were killed with an overdose of pentobarbital. The hearts were excised, and the entire heart and its individual chambers were weighed. The infarct was excised and weighed separately. Relative infarct size was expressed according to the percentage of total left ventricular weight which it represented. Anatomically, the infarct usually comprised a welldemarcated oval segment of ventricle extending with long axis down the anterolateral surface of the left ventricle to the apex, and sparing the right ventricle. Occasionally there were uneven margins or layers of viable tissue in the infarct; if so, these were carefully trimmed away before weighing.
Results

HEM0DYNAMIC EFFECTS OF CORONARY LIGATION
Under baseline conditions left ventricular end-diastolic pressure (LVEDP) was 10 mm Hg or higher in all 4 animals that had infarcts larger than 25% of the left ventricle. LVEDP was also increased in 2 of the 4 animals that had 20 to 25% of the left ventricle with infarcts, and in 1 of the remaining 4 animals with infarcts of smaller size (Fig. 1) . All Circulation Research, Vol. XXI, August 1967 of the sham-operated animals showed LVEDP of less than 10 mm Hg. Right heart filling pressures were not elevated: The mean right atrial pressure in sham-operated animals was -0.8 ±0.3 mm Hg (SEM), +0.8 ± 0.3 mm Hg ( SEM ) in animals that had infarcts smaller than 25% of the left ventricle, and +1.9 ±0.8 mm Hg (SEM) in animals that had infarcts larger than 25% of the left ventricle.
Despite the defect in the left ventricular wall in dogs with myocardial infarction, there were no significant differences in mean arterial blood pressure, heart rate, cardiac index, dP/dt, or peripheral vascular resistance between sham-operated animals and those with myocardial infarction (Table 1) . However, stroke index was low in animals with large infarcts (Fig. 2) , suggesting that these animals did not have the same capacity to eject blood.
EFFECTS OF ISOPROTERENOL
Results of administration of isoproterenol are shown in Table 2 and in Figures 3 and 4 . The increase in dP/dt, heart rate, and cardiac index noted in the sham-operated animals was markedly less in animals with large infarcts (Fig. 3) . Using the relationship between stroke index and left ventricular filling I n f o r c t S i z e as P e r c e n t a g e of L e f t V e n t r i c l e
FIGURE 3
Relationship between change in various hemodynamic variables following isoproterenol infusion and size of infarct.
pressure as a measure of ventricular function, larger infarcts were associated with a diminished efficacy of isoproterenol in reducing LVEDP and in raising stroke index (Fig. 4) . These results show that both inotropic and chronotropic responsiveness to isoproterenol was impaired in animals with infarcts, especially in those with large infarcts.
EFFECTS OF ACETYLSTROPHANTHIDIN
The mean dose of acetylstrophanthidin required to produce ventricular tachycardia was significantly lower in animals with infarcts than in sham-operated animals (Fig. 5) . However there was great variation in the toxic dose of acetylstrophanthidin among animals with infarcts, and many of them tolerated amounts of this agent that were in the control range (Fig. 5) . 
Relationship between mean stroke index and mean left ventricular end-diastolic pressure under baseline conditions (open symbols) and with isoproterenol infusion (closed symbols). Circles represent sham-operated animals (6 dogs), triangles animals with infarcts smaller than 25% of the left ventricle (8 dogs), and squares animals with infarcts larger than 25% of the left ventricle (4 dogs). Brackets indicate SEM.
Mean values for percentage change in dP/dt during infusion of acetylstrophanthidin. Figures in parentheses show the number of animals still having sinus rhythm when the point was plotted. Arrows indicate the average time of onset of ventricular tachycardia.
A positive inotropic response to acetylstrophanthidin, as measured by increased dP/ dt, was present in both sham-operated animals and those with infarcts, but was less marked in those with infarcts (Table 3 , Fig.  6 ). This was especially apparent in animals with infarcts that tolerated larger doses of acetylstrophanthidin. These animals showed a plateau in dP/dt response at a point when only half the toxic dose had been infused (Fig. 6) .
Sham-operated animals and those with infarcts both showed a similar rise in mean arterial pressure and peripheral vascular resistance, and reduction in heart rate and cardiac index with acetylstrophanthidin infusion. The decline in cardiac index, present in almost every animal, was associated with variable changes in LVEDP in both sham-operated animals and those with infarcts (Fig. 7) . Of the 4 animals with the largest infarcts, all of which had elevated LVEDP (Fig. 1) , none showed a fall in LVEDP with infusion of acetylstrophanthidin (Fig. 7) .
The presence of a decline in cardiac index, with no consistent change in LVEDP may imply a decrease in left ventricular contractility, or shift to a lower ventricular function curve; however, the rise in dP/dt with acetylstrophanthidin infusion depicted in Figure 6 indicates that an increase in contractility occurred. Rise in arterial pressure and increased afterload to contraction may be responsible in part for this discrepancy. As shown in Figure  8 , there was a correlation between changes in pressure-time per beat and changes in LVEDP with acetylstrophanthidin infusion. In 1 animal with an infarct, an extreme elevation of pressure-time per beat clearly was associated with acute left ventricular failure (top right corner). This animal also had a 41% reduction in cardiac index with acetylstrophanthidin, the largest such change observed in any animal. animals produces an unstable shocklike state (7), in which reflex peripheral vasodilatation may play a prominent role (8) . These changes in the peripheral circulation may result in diminished venous return, fall in cardiac output, and hypotension, quite apart from changes in myocardial contractility. However, when filling pressures are artificially raised by transfusion, cardiac output may be elevated to normal (9) . A clinical counterpart has been noted in some instances of myocardial infarction with shock in patients, in whom elevation of filling pressure by infusions resulted in improved cardiac output (10) . Compared with animals immediately following infarction, the subacute preparation possesses the advantages of hemodynamic stability, lack of susceptibility to sudden death from arrhythmia, presence of an anatomically well defined lesion of the left ventricle which can be measured, and a circulatory defect which appears to depend exclusively upon myocardial factors.
Discussion
Acute myocardial infarction in experimental
Maintenance of a cardiac output which is normal, or nearly so, in the presence of substantial infarction of the left ventricle indicates that compensatory mechanisms are brought into play. These may include elevation of left ventricular filling pressure, and
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tachycardia, both of which were present in animals with large infarcts (Fig. 1, Table 1 ). Increased inotropism from release of endogenous catecholamines may also play a role (11). Obviously if ventricular destruction is extensive enough, the remaining myocardium will not be able to support the circulation. Since the largest infarct observed among the survivors in this series was 36% of the left ventricle, it may be that this figure approaches the limit compatible with survival.
Catecholamines such as isoproterenol which stimulate /3-adrenergic receptors exert a profound positive inotropic effect upon the myocardium (12) . Administration of isoproterenol in this preparation resulted in increased stroke index and lowered LVEDP, indicating that improvement had occurred in ventricular function (Fig. 4) . These changes and those in heart rate, dP/dt, and cardiac index (Fig.  3) were less marked in animals with infarcts than in sham-operated animals. These latter three variables appeared to be markedly affected when more than 20% of the left ventricle was infarcted, and their measurement may help to identify intact animals with large infarcts.
Previous authors have indicated that digitalis may decrease cardiac output in the normal open-chest dog by reducing venous return to the heart and so decreasing left ventricular filling pressure (13) . In the present study LVEDP showed no consistent change during the infusion of acetylstrophanthidin either in sham-operated dogs or in those with left ventricular infarcts, and despite this, cardiac index declined (Fig. 7) . That an increase in contractility did occur in both groups of animals is indicated by the increase in dP/dt (Fig. 6 ), but evidently this was not of sufficient magnitude to offset increases in afterload to contraction (Fig. 8) . Beneficial effects of digitalis have previously been demonstrated in the acute phase after coronary embolization in dogs, with both reduction in filling pressure of the left ventricle and rise in cardiac output (14) , indicating improved ventricular function. In the subacute phase of infarction examined in the present study, when elevated left ventricular filling pressure was the predominating manifestation of left ventricular impairment, administration of acetylstrophanthidin resulted in no net improvement in ventricular function. A greater degree of heart failure, with marked lowering of cardiac output and elevated right heart filling pressures, with the attendant changes in arteriolar and venomotor tone (15) may be prerequisite to obtaining beneficial effects from acetylstrophanthidin.
Clinical reports have suggested that ordinary doses of digitalis may be safely employed in patients with myocardial infarction (16) . However no critical study of the minimal toxic dose of digitalis in such patients has yet been carried out. The present investigation demonstrates that ventricular tachycardia occurred with lower doses of acetylstrophanthidin in the subacute phase of infarction in dogs; similar findings have been previously reported (17, 18) . These results indicate the need for continuing caution in giving large amounts of digitalis to human patients with acute myocardial infarction.
There are obvious differences between myocardial infarction in man and infarction from acute coronary ligation in dogs, in the nature of the pathologic process, in the performance of the uninfarcted myocardium, and in the degree of collateral circulation to the ischemic region. It is not certain how applicable these studies in animals are to clinical use. However, the dog ventricle with an infarct studied under stable conditions several days after ligation does provide a convenient model of mild left ventricular failure, with many reproducible and consistent features for the study of myocardial infarction.
